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Abstract 
Due to the use of standard electrodes electrochemical milling avoids the complex electrode design which is often a burden in 
sinking ECM. In this process material is removed by a tubular tool following a predefined path in a layer-by-layer fashion. In this 
initial study the influence of different process parameters, electrode geometry and electrode rotation on the process performance is 
investigated. Experiments showed that the best performance in terms of removal rate, surface quality and accuracy can be obtained 
when using a pulsed voltage input. Moreover, inaccuracies due to the tubular electrode shape can be avoided by using alternative 
electrodes which distribute the flushing holes over the entire cross section of the electrode or by decreasing the inner diameter of 
the tubular electrodes. Finally specific milling aspects like performing multiple passes and step-over were investigated. It was 
shown that further improvements are necessary to obtain a good part accuracy.  
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1. Introduction 
Electrochemical machining (ECM) is a contactless 
and non-thermal process based on the principle of 
electrolysis. Therefore, this technique is suitable for the 
machining of very hard, electrically conductive, 
materials with a good surface quality. Moreover high 
removal rates (MRR) can be obtained to produce 
complex parts without any tool wear. Hence a wide 
range of parts can be produced for various industrial 
applications such as aerospace, automotive and medical. 
Whereas conventional sinking ECM consists of 
moving a pre-shaped electrode into the work piece, 
ECM-milling uses a standard tubular electrode which 
moves along a path in a layer-by-layer fashion to 
achieve the desired geometry. The use of standard 
electrodes avoids the often complex and time-consuming 
electrode design in sinking ECM and generates more 
flexibility. Research performed in the field of macro 
ECM-milling up until now is rather limited and focused 
on the investigation of the process parameters [1,2]. 
Therefore this initial study investigates the performance 
of the process in terms of MRR, accuracy and roughness 
for other aspects relevant to an ECM-milling operation 
like electrode geometry, electrode rotation and 
machining strategy. Besides this the application of a 
pulsed voltage input is investigated for macro ECM-
milling operations. 
2. Experimental setup 
2.1. Machine setup 
The electrochemical milling operations are performed 
on an existing EDM machine (type Charmilles Robomill 
200) which has been adapted to perform ECM-milling 
operations. A separate electrolyte conditioning system 
has been developed to filter and to supply the electrolyte 
at the working gap. Fluid supply is arranged in two ways 
(Fig. 1). On the one hand electrolyte is supplied through 
a hollow electrode, clamped in a specially designed 
rotary tool holder which allows a radial supply of the 
electrolyte. In that way the spindle of the machine is 
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protected against the corrosive impact of the electrolyte. 
On the other hand electrolyte is supplied through an 
external nozzle which can be directed to the working 
spot to ensure a good evacuation of the electrolyte and 
generated metal ions from the working spot. The 
electrolyte is constantly circulated through the system to 
ensure optimal machining conditions. 
The voltage profile is generated by an external DC 
power supply (type Delta Elektronika SM6000) which 
has the capability of generating DC voltage pulses up to 
500Hz with a maximum voltage of 60V and a maximum 
current of 100A. In the tests performed the voltage will 
be regulated with a maximum of 10V in order to keep 
the current density within the range 100 200A/cm².  
2.2. Test setup 
In this initial research tests consisted of machining 
slots with a length of 30mm in stainless steel nr. 1.4550 
with a 200g/l NaNO3 solution acting as the electrolyte. 
This solution has an electrical conductivity of 
70.5mS/cm at 26°C. To assure a constant conductivity 
the electrolytes temperature and concentration was kept 
constant. Every test starts from a grinded surface and 
machining takes places with hollow copper electrodes. 
Every test was repeated 2 times. 
2.3. Measurement setup 
In this study the performance of the ECM-milling 
process has been assessed based on different criteria. 
First the volumetric material removal rate (MRR) is 
calculated based on differential mass measurements and 
the machining time. Other performance criteria like slot 
width (b), depth (d) and surface roughness are measured 
with a profile meter (type Taylor Hobson Form Talysurf 
120L). The roughness is measured in longitudinal (RaL) 
and transversal direction (RaT) with a cutoff length of 
0.8μm. Fig. 2 gives a graphical representation of these 
variables.  
Initial tests pointed out that the central hole of the 
electrode results in a slot with a peak or hill in the center 
of the slot (see Fig. 2). This hill is a consequence of the 
tubular electrode shape which means that the copper 
section that passes at every point along the width of the 
slot differs. The blue lines in Fig. 3 are a measure of the 
amount of electrode material that passes over a certain 
spot along the feed direction. For cylindrical electrodes 
it is clear that at the center, the amount of copper passing 
is lower than at regions closer to the edges of the slot 
hence leading to less material removal in the center of 
the slot. In order to describe the magnitude of the central 
hill the ratio of the depth at the place where the hollow 
part of the electrode passed (dh) and the maximum depth 
(d) is introduced. Although this parameter can give an 
indication, it does not completely describe the overall 
flatness of the machined slot. Therefore the parameter Pa 
is introduced which represents the average depth of the 
machined slot. Because the side walls of the slot are 
rounded, as a consequence of on the one hand the small 
amount of copper passing by at the side and on the other 
hand stray currents due to the uncoated electrodes, only 
75% of the diameter of the electrode is taken to calculate 
the average depth Pa. 
 
Fig. 3: Generation of central hill in case of a cylindrical electrode. 
Fig.1: Schematic overview of ECM-milling machine setup. 
Fig. 2: Schematic representation of slot geometry after ECM-milling 
along with the characteristic slot variables. 
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Fig.6: Electrodes with different cross sections. 
3. Influence of process parameters 
3.1. Constant DC machining 
In first instance the influence of the process 
parameters for machining with a constant voltage profile 
was investigated in order to assess how to adapt the 
process parameters in order to enhance the process 
performance. Previous research already showed that the 
applied voltage (V), the feed rate of the electrode (vf), 
the initial gap size between electrode and top surface (h) 
and the flow rate of the electrolyte (Q) are important to 
consider [1]. In order to investigate these effects slots 
were machined by moving the electrode only once over 
the top surface of the work piece. Tubular electrodes 
were used with an outer diameter (do) of 3mm and inner 
diameter (di) of 1.7mm. In order to investigate the 
effects a full factorial design was made with 2 levels for 
each parameter (see Table 1) followed by an analysis of 
variance (ANOVA) to assess the significance of each 
parameter. 
Table 1: Process parameters levels. 
 
Table 2 gives a qualitative impression of the effect of 
each process parameter on the considered performance 
criteria. This table shows that all process parameters 
except the flow rate have a significant influence on the 
process performance. Possibly this is due to the small 
difference between the considered flow rates. The main 
influencing parameter on the process performance is the 
applied voltage due to its large impact on the current 
density. It is important to note that for all machined slots 
the resulting width is larger than the electrode diameter 
(widths from 3.3 to 4.1mm). Next to the first order 
effects shown in Table 2 also important interaction 
effects were noticed. Fig. 4 shows the interaction plot for 
the flatness measure dh/d. It shows that the effect of the 
voltage is influenced by as well the feed rate as the 
initial gap. In order to avoid the occurrence of the hill it 
is better to work at higher voltages so that even a  
variation of the initial gap (e.g. due to a non-flat top 
surface) would yield approximately the same value for 
dh/d. From these experiments it can be concluded that 
process parameters will differ and should be chosen 
according to the type of application. In case of high 
material removal (e.g. during roughing operations) high 
voltages, small gap sizes and high feed rates are 
beneficial. On the contrary, when a good surface finish 
is required (e.g. during finishing operations) low 
voltages, small gap sizes and high feed rates are 
beneficial. 
3.2. Pulsed DC machining 
Previous tests were performed with constant DC 
voltages. However, literature states that better results can 
be obtained using a DC pulsed voltage for ECM [3] also 
known as pulsed electrochemical machining. This 
improvement is mainly due to the more efficient 
flushing of reaction products out of the machining gap. 
Next to the investigated parameters in section 3.1, 
pulsed ECM is characterized by the pulse frequency and 
the duty cycle. In order to investigate the performance of 
pulsed electrochemical milling a full factorial design 
with pulse frequency and duty cycle (ratio of pulse ON 
to pulse OFF time) was performed with testing 
conditions given in Table 3 for machining the same slots 
as in the previous section. It should be noted that the 
pulse frequency was limited in order to have enough 
time to build up the double layer potential [4]. For the 
used tubular electrodes (do: 7mm, di: 2mm) a maximum 
frequency in the order of magnitude of kHz should be 
applied.  
Fig. 5 shows the results of different duty cycles and 
Fig. 4: Interaction effects for dh/d. 
Table 4: Process conditions for testing the electrode geometry. 
Frequency 
[Hz]
Duty Cycle 
[%]
Voltage 
[V]
Initial gap 
[μm]
Feed rate 
[mm/s]
Flow rate 
[ml/min]
0 - 10 - 20 - 
50 - 100 50 - 70 - 90 10 100 0,5 600
Voltage      
[V]
Feedrate      
[mm/s]
Initial gap    
[μm]
Flow rate     
[ml/min]
Low 6 0,2 100 250
High 9 0,5 150 450
Voltage     
(V)
Initial gap   
(h)
Feedrate    
(vf)
Flowrate     
(Q)
MRR ++ - + /
Depth (d) ++ - - /
Hill-effect (dh/d) ++ - - /
Width (b) - - + /
RaL - + + /
RaT ++ / / /
+  positive significant effect
-  negative significant effect
/  no significant effect
Table 2: Effect of process parameters on process performance criteria. 
Table 3: Testing conditions during pulsed ECM. 
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Fig.6: Electrodes with different cross sections. 
frequencies on the MRR. It can be concluded that the 
frequency has no significant influence on the MRR 
whereas an increase in duty cycle leads to a higher 
MRR. The higher the duty cycle (for the same 
frequency), the higher the mean current during 
machining will be. Hence more material will be 
removed. Remarkable is that a duty cycle of 90% leads 
for most of the considered frequencies to a higher MRR 
compared to the case of constant DC voltage (see Fig. 
5). This is due to the extra flushing in case of the pulsed 
machining. As a consequence roughing operations can 
be performed more efficiently by using pulsed ECM 
with large duty cycles instead of constant DC ECM. 
The use of pulsed voltage profiles also leads to an 
increase in flatness of the bottom surface of the 
machined slot with 25%. Between the considered 
frequencies no significant difference was noticed 
whereas the duty cycle significantly affects the flatness. 
In this case especially low duty cycles are preferred.  
RaL and RaT are both positively affected by the use of 
pulsed machining. Compared to constant DC voltage 
machining an improvement with a factor 4 is noticed. 
Here again, the duty cycle is the main influencing factor, 
namely the smaller the duty cycle, the smaller the 
surface roughness. The smallest roughness that was 
noticed is 0.081μm at a frequency of 50Hz and a duty 
cycle of 50%.  
When choosing process parameters in case of pulsed 
machining a distinction should be made between 
operations which aim at high MRR and operations 
aiming at a good accuracy and surface quality. In the 
first case it is beneficial to use large duty cycles whereas 
in the latter case it is more beneficial to use small duty 
cycles. 
4. Influence of electrode geometry 
Previous tests showed that machining a slot results in 
a distorted bottom surface with a peak or hill in the 
center (see Fig. 3) due to the tubular shape of the 
electrode. In order to obtain a flat bottom surface either 
the geometry of the cross section of the electrode or the 
inner electrode diameter can be adapted.  
4.1. Electrode cross section geometry 
The influence of the geometry of the cross section 
was examined by using the geometries shown in Fig. 6. 
Opposed to the reference case (geometry 1), geometries 
2 to 4 do not concentrate the electrolyte flushing at one 
location so that the amount of electrode material passing 
over every spot along the cross section of the slot is 
more uniform. Hence it is likely that a more uniform 
cross section of the slot profile will be obtained. All 
electrodes have an outer diameter of 7mm and 
approximately the same cross section (ca. 28mm²) so 
that comparable MRRs can be expected. Table 4 lists the 
process parameters applied during these tests.  
 
 
 
 
 
 
Fig. 7 shows the obtained profiles with the different 
electrodes without applying a rotation to the electrode. 
Although the central peak at the slots bottom surface 
seems to be less pronounced for geometries 2 to 4, still 
some peaks remain due to the non-axisymmetric cross 
sections of these geometries. However, applying a 
rotation to the electrodes (650rpm) significantly 
improves the Pa and dh/d value for all geometries (see 
Fig. 8). The best results were obtained for geometry 2 
with a Pa value of 3.89 μm (compared to 7.6μm without 
rotation). Next to this positive effect on the flatness, the 
use of alternative electrode geometries with rotation also 
improves RaL and RaT. For example, for geometry 4, 
RaL decreases from 0.47μm (no rotation) to 0.197μm 
when applying an electrode rotation. 
 
Rotational 
speed [rpm]
Voltage 
[V]
Initial gap 
[μm]
Feed rate 
[mm/s]
Flow rate 
[ml/min]
0  -  650 10 100 0,5 600
Fig 5: Influence of the pulse frequency and duty cycle on the MRR. 
Table 4: Process conditions for testing the electrode geometry. 
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4.2. Electrode inner diameter 
In Fig. 3 it was shown that the large central hole of 
the electrode leads to a peak/hill in the center of the 
machined slot. In theory, by decreasing the inner 
diameter the amount of copper passing by along every 
location along the width of the slot is more uniform and 
would result in a flatter bottom surface. Fig. 9 shows the 
transversal cross sections of slots machined with 
different electrode inner diameters (di = 1  1.6  2  
3mm) and an outer diameter of 8mm. The process 
parameters for these tests are shown in Table 4. Fig. 9 
confirms the idea that the flatness of the machined slots 
can be significantly increased when using smaller inner 
diameters. Similar results for the flatness measures dh/d 
and Pa were obtained when comparing a tubular non-
rotating electrode with di = 1mm and the best result 
obtained when using an alternative rotating electrode 
from section 4.1. Although decreasing the inner diameter 
even further seems to be beneficial a trade-off exists 
with the roughness in the transversal direction RaL. The 
smaller the inner diameter, the higher the roughness that 
can be obtained. As a conclusion, using a tubular 
electrode is only suitable when priority is given to either 
flatness or roughness. When both flatness and roughness 
need to be optimized alternative electrodes proposed in 
section 4.1 should be considered. 
5. Milling strategy aspects 
The previous sections provided some insights in the 
influences of several parameters on the performance of 
the ECM-milling process, restricted to the specific case 
of making slots with a single pass. When extending the 
application range of the process other aspects of the 
milling process need to be further investigated. 
A first aspect that needs to be dealt with is the 
situation of using multiple passes in order to attain a 
specified depth. Fig. 10 shows the depth profiles of 
several consecutive ECM-milling passes starting from 
an initial gap of +100μm (above the work piece) and 
gradually moving the electrode 50μm per pass in the 
work piece. The process parameters applied during this 
test are listed in Table 5. The experimental results yield 
an average removal depth per pass of 75μm hence 
increasing the machining gap. Not only does this affect 
the accuracy of the desired profile, also the roughness is 
strongly affected by the increasing gap size. This calls 
for the monitoring of the gap size so that stable and 
predictable machining conditions can be obtained. The 
experiments also pointed out that the removal depth per 
pass can be heavily influenced by the electrolyte 
temperature. As a consequence adequate cooling of the 
electrolyte is indispensable. 
Figure 9: Cross section profiles of slots machined with different 
inner diameters. 
Fig. 7: Cross section profiles of slots machined with different 
geometries without electrode rotation. 
Fig. 8: Cross section profiles of slots machined with different 
geometries with applying electrode rotation. 
Voltage 
[V]
Pulse 
frequency 
[Hz]
Duty cycle 
[%]
Initial gap 
[μm]
Feed rate 
[mm/s]
Flow rate 
[ml/min]
10 20 90 100 0,5 600
   do = 8mm ;  di = 1,6mm
Table 5: Process parameters for tests on multiple passes and step-over  
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 Another aspect, especially important for making 
wider slots or pockets is the displacement between two 
tool paths, also known as step-over. The side walls of 
the machined profiles tend to be rounded which makes it 
difficult to choose a proper step-over to completely 
remove this rounding without removing too much of the 
underlying material. The optimal step-over results in a 
flat bottom where the electrodes overlap. If the step-over 
is chosen too small, the overlap is too big and too much 
material will be removed. This results in a deep spot in 
the middle between two paths. If the step-over is too 
high, too little material will be removed.  For this the 
effect for 3 step-over values (85  95  100%) was 
examined with process parameters given in Table 5. Fig. 
11 shows that none of the examined step-over values 
results in a flat bottom surface, the optimal value will be 
between 85% and 95%. 
6. Conclusions 
In this initial study the performance of the macro 
electrochemical milling process was investigated by 
considering different aspects of the process. When 
looking at the process parameters it was shown that the 
applied voltage is the main influencing factor on MRR, 
accuracy and roughness. A comparison of machining 
with constant and pulsed input voltage profiles showed 
that in most cases the use of pulsed ECM is more 
beneficial. When using pulsed ECM for milling 
operations a distinction should be made according to the 
type of operation. For roughing operations pulsed ECM 
milling with large duty cycles is favored due to its high 
MRR (20-30mm³/min). On the other hand, finishing 
operations require a pulsed voltage profile with small 
duty cycles which leads to a good accuracy and 
roughness values down to 0.081μm Ra.  
 
A problem faced within this research when using 
tubular electrodes is the resulting peak at the center of 
the bottom surface. To counteract this, two solutions 
were proposed. Firstly the flatness can be improved by 
using electrodes in which the flushing holes are 
distributed over the cross section of the electrode on the 
condition that a rotation is supplied to the electrode. 
Secondly, decreasing the inner electrode diameter of the 
tubular electrodes significantly improves the flatness 
without the need of rotating the electrode. 
Finally some specific milling aspects like milling 
multiple passes and the step-over were examined. It was 
shown that during the machining of multiple passes a 
large deviation of the gap size occurs which makes it 
complex to predict the output. Hence a proper depth 
control or gap monitoring system is indispensable to 
produce high accurate shapes. Optimal step-over values 
were determined to lie between 85 and 95% but largely 
depend on the used process parameters.  
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